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m Abstract Watervaporisthe dominantgreenhouse gas, the mostimportant gaseous
source of infrared opacity in the atmosphere. Asthe concentrations of other greenhouse
gases, particularly carbon dioxide, increase because of human activity, it is centrally
important to predict how the water vapor distribution will be affected. To the extent that
water vapor concentrations increase in a warmer world, the climatic effects of the other
greenhouse gases will be amplified. Models of the Earth’s climate indicate that this
is an important positive feedback that increases the sensitivity of surface temperatures
to carbon dioxide by nearly a factor of two when considered in isolation from other
feedbacks, and possibly by as much as a factor of three or more when interactions with
other feedbacks are considered. Critics of this consensus have attempted to provide
reasons why modeling results are overestimating the strength of this feedback.

Our uncertainty concerning climate sensitivity is disturbing. The range most often
quoted for the equilibrium global mean surface temperature response to a doubling
of CO, concentrations in the atmosphere is°C50 4.5C. If the Earth lies near
the upper bound of this sensitivity range, climate changes in the twenty-first century
will be profound. The range in sensitivity is primarily due to differing assumptions
about how the Earth’s cloud distribution is maintained; all the models on which these
estimates are based possess strong water vapor feedback. If this feedback is, in fact,
substantially weaker than predicted in current models, sensitivities in the upper half of
this range would be much less likely, a conclusion that would clearly have important
policy implications. In this review, we describe the background behind the prevailing
view on water vapor feedback and some of the arguments raised by its critics, and
attempt to explain why these arguments have not modified the consensus within the
climate research community.
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HISTORICAL INTRODUCTION TO
THE BASIC PHYSICS

The Greenhouse Effect and the Radiative
Properties of Water Vapor

Joseph Fourier is widely credited as being the first to recognize the importance of
the greenhouse effect forthe Earth’s climate. Inhis 1827 treatise on the temperature
of the globe, Fourier pointed out that the atmosphere is relatively transparent to
solar radiation, but highly absorbent to thermal radiation and that this preferential
trapping is responsible for raising the temperature of the Earth’s surface (1). By
1861, John Tyndal had discovered that the primary contributors to this trapping
are not the dominant constituents of the atmospheggnd Q, but trace gases,
particularly water vapor and carbon dioxide, which constitute less than 1% of the
atmospheric mass (2). From a series of detailed laboratory experiments, Tyndal
correctly deduced that water vapor is the dominant gaseous absorber of infrared
radiation, serving as “a blanket, more necessary to the vegetable life of England
than clothing is to man” (3).

The development of quantum theory in the early twentieth century and improved
spectroscopic measurements rapidly produced a more detailed understanding of
the interactions between atmospheric gases and radiation. The qualitative picture
first painted by Fourier and Tyndal has, of course, been confirmed and refined.
The wavelength-dependence of the absorption in the atmosphere is rich in detail,
consisting of thousands of spectral lines for water vapor alone. One might sus-
pect that this complexity of the radiative transfer is itself an important source of
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uncertainty in estimates of climate sensitivity, but this is true only to a very limited
degree.

The major source of uncertainty in gaseous radiative transfer arises from the con-
tinuum absorption by water vapor (4, 5). Far from any line centers, there remains
background absorption due to the far wings of distant spectral lines. Knowledge
of the precise shape of these lines is incomplete. Line shapes in the troposphere
are primarily controlled by pressure broadening, implying that most of the inter-
actions with radiation occur while the radiatively active gas molecule is colliding
with another molecule. The water vapor continuum is distinctive in that it is con-
trolled in large part by collisions of water molecules with other water molecules,
and it therefore plays an especially large role in the tropics, where water vapor
concentrations are highest. Continuum absorption is quantitatively important in
computations of the sensitivity of the infrared flux escaping the atmosphere to
water vapor concentrations within the tropics (6), a centrally important factor in
analyses of water vapor feedback. However, approximations for continuum ab-
sorption are constrained by laboratory and atmospheric measurements and the
remaining uncertainty is unlikely to modify climatic sensitivity significantly.

There is also room for improvement in the construction of broadband radiation
algorithms for use in climate models that mimic line-by-line calculations (7), but
work growing out of the Intercomparison of Radiation Codes for Climate Models
project (8) has helped to reduce the errors in such broadband computations. In
short, we see little evidence to suggest that our ability to estimate climate sensitivity
is significantly compromised by errors in computing gaseous absorption and emis-
sion, assuming that we have accurate knowledge of the atmospheric composition.

There does remain considerable controversy regarding the radiative treatment
of clouds in climate models, associated with the difficulty in obtaining quantita-
tive agreement between atmospheric measurements and theoretical calculations of
solar absorption in cloudy atmospheres (9). As we shall see below, the treatment
of clouds in climate models presents greater obstacles to quantitative analysis of
climate sensitivity than does the treatment of water vapor.

Early Studies of Climatic Sensitivity

By the turn of the century, the possibility that variations inCEbuld alter the
Earth’s climate was under serious consideration, with both S Arrhenius (10) and
TC Chamberlin (11) clearly recognizing the central importance of water vapor
feedback. In a letter to CG Abbott in 1905, Chamberlin writes,

[W]ater vapor, confessedly the greatest thermal absorbent in the atmosphere,
is dependent on temperature for its amount, and if another agent, as @O

so dependent, raises the temperature of the surface, it calls into function a
certain amount of water vapor which further absorbs heat, raises the
temperature and calls forth more vapor ... (3).

In the following, we will measure the concentration of water vapor either by
its partial pressure or its mixing ratior, the latter being the ratio of the mass of
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water vapor in a parcel to the mass of dry air. Since observed mixing ratios are
small, we can assume thatx e/p, wherep is the atmospheric pressure. If there
are no sources or sinks of wateis conserved as the parcel is transported by the
atmospheric flow.

As understood by Chamberlin, when air containing water vapor is in thermo-
dynamic equilibrium with liquid water, the partial pressure of the vappis
constrained to equal(T), the saturation vapor pressure, which is a function of
the temperatur& only (ignoring impurities in the water and assuming a flat liquid
surface). The ratidél = e/e; is referred to as the relative humidity. Supersatura-
tion of a few percent does occur in the atmosphere, especially when there is a
shortage of condensation nuclei on which drops can form, but for large-scale cli-
mate studies itis an excellent approximation to assume that whesméses above
e, vapor condenses to bring the relative humidity back to unity. In much of the
atmosphere it is the saturation pressure over ice, rather than water, that is relevant,
but we will not refer explicitly to this distinction.

According to the Clausius-Clapeyron relati@g(;T ) increases rapidly with in-
creasing temperature, albeit a bit slower than exponentially. More precisely, the
fractional change irg; resulting from a small change in temperature is propor-
tional to T=2. At 200K, a 1K increase results in a 15% increase in the vapor
pressure; at 300K, it causes a 6% increase. In searching for theories for the ice-
ages, Arrhenius and Chamberlin both thought it plausible, if not self-evident, that
warming the atmosphere by increasing Guld, by elevating,, cause water
vapor concentrations to increase, which would further increase the greenhouse
effect, amplifying the initial warming.

The possibility of CQ increasing because of fossil fuel use helped motivate a
series of studies through the 1930s, 1940s, and 1950s that improved the radiative
computations underlying estimates of climate sensitivity (12—14). Researchers
evidently lost sight of the potential importance of water vapor feedback during
this period. In 1963 F Moller (15) helped correct this situation, from which time
this issue has retained center stage in all quantitative studies of global warming.
At roughly the same time, a runaway greenhouse owing, at least in part, to water
vapor began to be considered as having possibly occurred during the evolution of
the Venusian atmosphere (16).

In his attempt at quantifying the strength of water vapor feedback, Moller
explicitly assumed that the relative humidity of the atmosphere remains fixed as it
iswarmed. This assumption of fixed relative humidity has proven to be a simple and
useful reference point for discussions of water vapor feedback. The alternative
assumption of fixed vapor pressure requires that relative hunitliecrease
rapidly as temperatures increase, the decrease being 6Pperf°C of warming
in the warmest parts of the troposphere, and 15% p&r°C in its coldest parts.

The relative humidity is controlled by the atmospheric circulation. Motion dries
the atmosphere by creating precipitation. For example, as air moves upwards
it cools due to adiabatic expansion. The vapor pressutecreases due to this
expansion, bug, decreases much more rapidly, causing the vapor to condense.
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Once sufficient condensate is generated, raindrops form and water falls out of the
parcel. When restored to its original level the air parcel compresses and warms,
and once again the changeeyfar outweighs the increase in vapor pressure due
to the compression itself, and the parcel finds itself undersaturated.

To model the relative humidity distribution and its response to global warming
one requires a model of the atmospheric circulation. The complexity of the cir-
culation makes it difficult to provide compelling intuitive arguments for how the
relative humidity will change. As discussed below, computer models that attempt
to capture some of this complexity predict that the relative humidity distribution
is largely insensitive to changes in climate.

Radiative-Convective Models

When Moller assumed fixed relative humidity in a one-dimensional atmospheric
model, he found an implausibly large sensitivity to changes in.Qds results

were in error owing to a focus on the radiative fluxes at the surface, rather than
at the top of the atmosphere. The atmosphere is not in pure radiative equilibrium;
in fact, the vertical and horizontal temperature structure within the troposphere is
strongly controlled by the atmospheric circulation as well as by the spatial structure
of the radiative fluxes. The sensitivity of surface temperature is more closely tied
to changes in the radiative fluxes at the top of the atmosphere or more precisely, at
the tropopause, than at the surface. S Manabe and collaborators (17, 18), working
with simple one-dimensional radiative-convective models in the 1960s, helped
clarify this centrally important point.

On average, temperatures in the troposphere decrease with height at a rate (the
lapse rate) of 6.5 K/km. This vertical temperature structure cannot be understood
from consideration of radiative equilibrium alone, which would produce a much
larger lapse rate. Rather, it is primarily controlled by the atmospheric circulation.
In those areas of the tropics that are convectively active, the lapse rate is close to
that of a moist adiabat, the profile obtained by raising a saturated parcel, which
cools owing to adiabatic expansion, but as a result of this cooling also condenses
water vapor, releasing the latent heat of evaporation that compensates for part of
the cooling. At higher latitudes, the moist adiabat does not provide as useful an
approximation to the lapse rate, as the sensible and latent heat transport by larger
scale circulations, extratropical cyclones, and anticyclones also plays a significant
role. Models for the nonradiative fluxes of energy in the atmosphere are inherently
complex. Different processes are dominant in different regions, and a variety of
scales of motion are involved.

Manabe and collaborators (17, 18) introduced a very simple, approximate way
of circumventing this complexity, by starting with a one-dimensional radiative-
equilibrium model of the horizontally-averaged temperature of the atmosphere but
then adding the constraint that the lapse rate should not be allowed to rise above
some prescribed value. The model then predicts the position of the tropopause,
below which it is forced to maintain the prescribed lapse rate, and above which
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it maintains pure radiative equilibrium. Nonradiative fluxes are implicit in the
upward energy flux required to maintain the tropospheric lapse rate.

In the simplest radiative-convective models, one also sets the temperature of
the surface equal to the temperature of the atmosphere adjacent to the surface. In
pure radiative equilibrium there is a substantial temperature jump at the surface.
The removal of this jump implies that there is evaporation or sensible heat flux at the
surface, determined by the radiative fluximbalance. Changes in the net radiation at
the surface are assumed to be perfectly compensated by changes in the evaporation
and the surface sensible heat flux. In contrast, Moller had effectively assumed, as
had others before him, that the surface temperature would adjust to any changes in
radiative fluxes, holding evaporation and sensible heating fixed. Because the latter
are very strongly dependent on the temperature difference between the surface
and the lowest layers of the atmosphere, one is much better off assuming that
the surface fluxes adjust as needed to remove this temperature difference. To the
extent that evaporation dominates over the surface-sensible heat flux, one can, in
fact, argue that changes in the net radiation at the surface control the sensitivity of
the global hydrologic cycle (the mean rate of precipitation or evaporation) rather
than the sensitivity of surface temperatures.

Itis an oversimplification to assume that temperature gradients within the tropo-
sphere do not change as the climate warms, but this simple assumption has proven to
be a very useful point of reference. Using a radiative convective model constrained
in this way, and with the additional assumption that the relative humidity is fixed,
Manabe & Wetherald (18) found that the sensitivity of surface (and tropospheric)
temperatures to CQOs increased by a factor ef1.7 over that obtained with fixed
water vapor. Other radiative-convective models have supported this estimate of
the strength of water vapor feedback, with fixed relative humidity, fixed clouds,
and fixed lapse rate, rarely varying by more than 10% from this value. For further
information on radiative-convective models, see Ramanathan & Coakley (19).

Energy Balance

The simple radiative-convective framework teaches us to think of the energy bal-
ance of the Earth as a whole as the starting point for discussions of climate sensi-
tivity.

Averaged over the surface and over the seasons, the Earth abstitssof the
solar radiation incident at the top of the atmosphere, amountirg2#0 W/n?.
To balance this incoming flux, a black body would have to radiate to space at a
temperature of 255 K. We refer to this temperature as the effective temperature of
the infrared emissioril,. We haveS = o T/, whereSis the absorbed solar flux
ando is the Stefan-Boltzmann constant. The actual mean surface temperature
of the Earth is close to 288 K. The effective temperature of emission occurs in
the mid-troposphere, about 5 km above the surface on average. We refer to this
height a&Z.. As pictured in Figure 1, one can think of the average infrared photon
escaping to space as originating near this mid-tropospheric level. Most photons
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Figure 1 Schematic illustration of the change in emission leve) @sociated with an
increase in surface temperatufg)(due to a doubling of C@assuming a fixed atmospheric
lapse rate. Note that the effective emission temperafigeémains unchanged.

emitted from lower in the atmosphere, including most of those emitted from the
surface, are absorbed by infrared-active gases or clouds and are unable to escape
directly to space. The surface temperature is then simpkg T, + I'Z, where

[ is the lapse rate. From this simple perspective, it is the changés as well

as in the absorbed solar flux and possibly'inthat we need to predict when we
perturb the climate. As infrared absorbers increase in concentratiorcreases,
andT,increases proportionally I andSremain unchanged.

The increase in opacity due to a doubling of OfusesZ, to rise by~150
meters. This results in a reduction in the effective temperature of the emission
across the tropopause by(6.5K/km) (150 m)~1 K, which converts to 4W/fh
using the Stefan-Boltzmann law. This radiative flux perturbation is proportional to
the logarithm of the C@concentration over the range of G{@vels of relevance
to the global warming problem. Temperatures must increaseltiy to bring the
system back to an equilibrium between the absorbed solar flux and the infrared flux
escaping th space (Figure 1). In radiative-convective models with fixed relative
humidity, the increase in water vapor causes the effective level of emission to move
upwards by an additiona¥100 m for a doubling of CQ Water vapor also absorbs
solar radiation in the near infrared, which feeds back with the same sign as the
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terrestrial radiation component, accounting+di5% of the water vapor feedback
in climate models (20, 21).

In equilibrium, there is a balance between the absorbed solaSfand the
outgoing terrestrial radiatioR. Listing a few of the parameters on which these
fluxes depend, we have, schematically,

S(H;0, I, C) = R(T, H20, 10g,CO,, C), 1.

whereCrepresents cloudkthe ice and snow covdng,CO, is the logarithm of the
CO, concentration (base 2) afids either the mean surface temperature or a mean
tropospheric temperature (we are assuming here that these temperatures all change
uniformly). Perturbing CQand holding HO, I, andC fixed, the perturbation in
temperatureT satisfies

oR oR

0= —dT+ ———dlog,C 2.

o7 4T T Siog,c0, 11 0%
Linearizing about the present climate, we can summarize the preceding discussion
by setting

IR
— ~ 4W/(mPK 3.
oT /(M°K)
and
R
_9R__ o —4W/m? 4.
3109,CO;,
so that
dT R R
= Ao~ 1K 5.

dlog,CO;, - ~ 0log,CO,/ oT —

for fixed H,O, C, andl.

If we believe that changes in water vapor are constrained by changes in at-
mospheric temperature, we can seOH= H,O(T). Replacing equation 2, we
have

S dH;O oR dR dH,O aR
—_— dT = —dT T+ —————dlogC
9H,0 dT oT9T 31,0 a1 97 T dlogc 0, 010X 2
6.
The temperature response to gfoubling is now
daT Ao 2

dlo%CO; ~ 1— o’
where

Broo = 9R_, S \dH0 /iR o
H0 =" 31,0 " 9H,0 ) dT /aT’ '
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The size of nondimensional ratigy,0, provides a measure of the strength of
the water vapor feedback. Bn,0 ~ 0.4, water vapor feedback increases the
sensitivity of temperatures to Gy a factor of~1.7, assuming that and C
are fixed.

If the value of 8,0 were larger than unity, the result would be a runaway
greenhouse. The outgoing infrared flux would decrease with increasing tempera-
tures. Itis, of course, self-evident that the Earth is not in a runaway configuration.
But it is sobering to realize that it is only after detailed computations with a
realistic model of radiative transfer that we obtain the estinfate ~ 0.4 (for
fixed relative humidity). There is no simple physical argument of which we are
aware from which one could have concluded beforehandghat was less than
unity. The value oBn,o does, in fact, increase as the climate warms if the relative
humidity is fixed. On this basis, one might expect runaway conditions to develop
eventually if the climate warms sufficiently. Although it is difficult to be quanti-
tative, primarily because of uncertainties in cloud prediction, it is clear that this
point is only achieved for temperatures that are far warmer than any relevant for
the global warming debate (22).

The Satellite Era

Given that the earth’s climate is strongly constrained by the balance between the
absorption of solar radiation and emission of terrestrial radiation, space-based
observations of this radiation budget play a centrally important role in climate
studies. These observations first became available in the mid-1960s. After two
decades of progress in satellite instrumentation, a coordinated network of satellites
[the Earth Radiation Budget Experiment (ERBE)] was launched in 1984 to provide
comprehensive measurements of the flow of radiative energy at the top of the
atmosphere (23). Over a century after John Tyndal first noted its importance, an
observational assessment of our understanding of the radiative trapping by water
vapor became possible.

When analyzing the satellite measurements, it has proven to be particularly
valuable to focus on the outgoing longwave fluxes when skies are free of clouds,
R.ear 10 highlight the effects of water vapor. Following Raval & Ramanathan (24),
in Figure 2 (see color insert) we use ERBE observations to plot the annual mean
clear sky greenhouse effeGgesr = Ry — Ryear OVer the oceans, whek is the
longwave radiation emitted by the surface. (In the infrared, ocean surfaces emit
very nearly as black bodies, so tiRais simplyo T..) A simple inspection of these
figures reveals several important features regarding the processes that control the
atmospheric greenhouse effect.

The magnitude of greenhouse trapping is largest over the tropics and decreases
steadily as one approaches the poles. Moreover, the distribution of the clear-sky
greenhouse effect closely resembles that of the vertically-integrated atmospheric
water vapor (Figurel2 see color insert). The thermodynamic regulation of this
column-integrated vapor is evident when comparing this distribution with that of
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surface temperature (Figure;Xee color insert). Warmer surface temperatures
are associated with higher water vapor concentrations, which in turn, are associ-
ated with a larger greenhouse effect. Regres&igg, versusT, over the global
oceans (24, 25), one finds a relationship that is strikingly similar to that obtained
from radiative computations assuming clear sky, fixed lapse rate, and fixed relative
humidity.

Such an analysis suggests the tantalizing possibility that the strength of water
vapor feedback might be determined directly from observations rather than re-
lying upon models. Unfortunately, life is not so simple. The vapor distribution
in Figure 2 is not solely a function of surface temperature. Even if the relative
humidity were fixed, variations in atmospheric temperature do not always follow
surface temperature changes in a simple way. For example, the relationship be-
tweenR,.,;, and T, obtained from geographic variations in mid-latitudes differs
markedly from those obtained from the local seasonal cycle, owing to differences
in the variations in lapse rate; similarly, the relation observed on seasonal time
scales differs markedly from that observed on interannual time scales (26).

More importantly still, the relative humidity distribution is strongly affected by
the atmospheric circulation, with areas of mean ascent moister than areas of mean
subsidence. Over the tropical oceans, in particular, ascent occurs in the regions
of warmest surface temperature, and strong descent occurs in regions where the
surface is only a few degrees cooler. The circulation can be thought of as forced,
in first approximation, by the difference in surface temperature between these two
regions, not by the absolute temperature itself. Let us suppose that the atmosphere
warms uniformly and that the circulation does not change. Schematically, we can
setR = R(T, ) wherew is the vertical motion. A simple regressionRivith T
in the tropics that does not take into account thas spatially correlated witf
incorrectly suggests the existence of a “super-greenhouse effect” (27).

One attempt to avoid this circulation dependence is exemplified by Soden (28),
who averaged over the ascending and descending regions of the tropics and used
interannual variations produced by Elldias the source of variability. Figure 3
shows the evolution db.,, averaged over the tropics for a 4-year period contain-
ing the EI No event in 1988. An increase in tropical-mean greenhouse trapping
of ~ 2W/n? is observed in conjunction with#0.4 K increase in tropical-mean
sea surface temperature. These tropical mean results are the small difference be-
tween larger regional changes that are dominated by the dramatic changes in the
pattern of ascent and descent that occur during BbNiThere is no reason to
believe that global warming will be accompanied by similar circulation changes.
One can conceive of a number of ways in which the regional changes might be
nonlinearly rectified to produce a tropical mean infrared trapping that is different
in El Nifio warming and C@induced warming. Indeed, at face value, the results
in Figure 3 suggest a value gf,,0 much larger than 0.4.

In recent years, efforts along these lines have been redirected away from at-
tempts at obtaining direct empirical estimates of climate sensitivity, and towards
providing a record of variability against which model predictions may be tested.
As an example, Figure 3 also shows the prediction of a climate model (one



451

WATER VAPOR/GLOBAL WARMING

“(@ury y2147) UMOYS
0s[e 218 2Imerdwa) A0BLINS BIs Ul SAEWOUE UBW-[ea1don Y] “90uaI1djal 104 “(2u1) pajjop) suone[nwis [apow (AI1ojeioqe|
sonueuA( pmpq [easAydoan) 14D pue (augy payspp) suonealasqo (uawnadxy 195png uoneipey yued) G4y wol
8861-5861 10J (*""5) Surdden asnoyuaais Ays-1e9[d Ul SA[BWOUR [BNUUBINUI uRdw-[ed1don oy Jo souas awn y - ¢ aangiy

6861 8861 /861 9861 G861

¥'0

20

(M) @injesodwa] 8oepng
o
[

uoneINWIS [9PO — — |
uoleAIBSqQ JGYT -------
. ainjesadwsa] soeUNg

¥'0 4

|
o
(L w/p) Buiddes) esnoyusain)

<




452

HELD m= SODEN

constructed at National Oceanic and Atmospheric Administration’s Geophysical
Fluid Dynamics Laboratory), when the observed sea surface temperatures are used
as a surface boundary condition. The model simulates the variations in clear-sky
infrared trapping very well, although studies of longer data sets suggest that the
response of the moisture field, and the ability of climate models to reproduce the
observed response, may differ from one EhdlEvent to the next (29). One also
finds that the model does less well at simulating the observed variations in the net
outgoing radiation (solar plus terrestrial, including cloudy as well as clear skies),
once again strongly suggesting that the prediction of clouds and their radiative
properties are the central difficulty facing the model, not water vapor.

Empirical studies such as that in Figure 3 do not provide a direct proxy for
COy-included warming. Rather, the degree of similarity between the observed and
modeled response @, to changes in surface temperature provides a measure
of confidence in the ability of the climate model to accurately represent the relevant
physical processes involved in determing.,,, and therefore to correctly predict
the water vapor feedback that would occur under various global warming scenarios.
Our dependence on models is unavoidable when analyzing a system as complex
as that maintaining our climate.

Climate Models

The idea of predicting the weather by integrating the equations governing the
atmospheric state forward in time was made explicit by V Bjerknes (30) in 1904.
LF Richardson (31) made the first serious, but famously unsuccessful, attempt at
gathering data to provide an initial condition and actually integrating a version of
these equations. At the dawn of the computer age, J von Neumann, J Charney,
and others realized that the resulting computational power would make numerical
weather prediction feasible. The success of this enterprise has been impressive
(32). Predictions of the atmospheric state for up to 10 days in advance continue
to improve, and the meteorological services of the world continue to be prime
customers of the largest supercomputers in existence, as more computer power
translates into better forecasts.

Building on this effort in weather prediction, through the 1960s and 1970s a
parallel effort began toward the development of numerical models of the Earth’s
climate. In climate modeling, the emphasis shifts to the long-term statistics
of the atmospheric (as well as oceanic and cryospheric) state, and the sensi-
tivity of these statistics to perturbations in external parameters, rather than the
short-term evolution from particular initial conditions. Because they are inte-
grated over longer periods, the spatial resolution of climate models is always
lower than that of state-of-the-art weather prediction models. In the past few
years global warming scenarios have typically been generated using atmospheric
models with effective grid sizes of roughly 200—300 kms, ve#thO vertical lev-
els within the troposphere. An order of magnitude increase in computer power
allows roughly a factor of two decrease in the effective grid size. Climate warming
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scenarios with horizontal atmospheric resolution of 100 km and less will be-
come available in the next few years. Much more ambitious plans are being
laid. For example, the Japanese frontier Research System for Global Change
(http://lwww.frontier.esto.or.jp) has the goal of constructing a global climate model
with 10 km resolution.

There is a large gap between climate sensitivity experiments with compre-
hensive climate models and computations with simple models like the radiative-
convective model. Because of the turbulent character of atmospheric flows, the
complex manner in which the atmosphere is heated (through latent heat release
and by radiative fluxes modified by intricate cloud distributions) as well as the
rather complex boundary condition that the Earth’s surface provides, it has proven
difficult to develop models of an intermediate complexity to fill this gap, and the
continuing existence of the gap colors the sociology of the science of global warm-
ing. Building and analyzing climate models is an enterprise conducted by a small
number of groups with substantial computational resources.

Many processes occur in the atmosphere and oceans on scales smaller than
those resolved by these models. These scales of motion cannot simply be ignored;
rather, the effects of these small scales on larger scales must be approximated
to generate a meaningful climate. Some aspects of this closure problem have
been reasonably successful, whereas others are ad hoc or are based on empirica
relations that may not be adequate for understanding climate change. Skeptics
focus on these limitations. For a balanced view, it is useful to watch an animation
of the output of such a model, starting from an isothermal state of rest with no
water vapor in the atmosphere and then “turning on the sun,” seeing the jet stream
develop and spin off cyclones and anticyclones with statistics that closely resemble
those observed, watching the Southeast 